The effects of acetate, propionate, and butyrate on the anaerobic thermophilic conversion of propionate by methanogenic sludge and by enriched propionate-oxidizing bacteria in syntrophy with Methanobacterium thermoautotrophicum AH were studied. The methanogenic sludge was cultivated in an upflow anaerobic sludge bed (UASB) reactor fed with propionate (35 mM) as the sole substrate for a period of 80 days. Propionate degradation was shown to be severely inhibited by the addition of 50 mM acetate to the influent of the UASB reactor. The inhibitory effect remained even when the acetate concentration in the effluent was below the level of detection. Recovery of propionate oxidation occurred only when acetate was omitted from the influent medium. Propionate degradation by the methanogenic sludge in the UASB reactor was not affected by the addition of an equimolar concentration (35 mM) of butyrate to the influent. However, butyrate had a strong inhibitory effect on the growth of the propionate-oxidizing enrichment culture. In that case, the conversion of propionate was almost completely inhibited at a butyrate concentration of 10 mM. However, addition of a butyrate-oxidizing enrichment culture abolished the inhibitory effect, and propionate oxidation was even stimulated. All experiments were conducted at pH 7.0 to 7.7. The thermophilic syntrophic culture showed a sensitivity to acetate and propionate similar to that of mesophilic cultures described in the literature. Additions of butyrate or acetate to the propionate medium had no effect on the hydrogen partial pressure in the biogas of an UASB reactor, nor was the hydrogen partial pressure in propionate-degrading cultures affected by the two acids. Our results indicate that the level of hydrogen in the biogas of thermophilic anaerobic reactors is not the appropriate control parameter for propionate degradation. High concentrations of NaCl, sodium acetate, or sodium propionate (100 mM) did not affect the growth of M. thermoautotrophicum AH on hydrogen. inoculation into a hydrogen-pregrown culture of M. thermoautotrophicum AH cells which were embedded in FeS precipitates. In that study, results were obtained which show that the decay rate of M. thermoautotrophicum AH under unfed conditions is extremely high. Therefore, starvation of hydrogenotrophic methanogens might play an important role in the sensitivity of propionate oxidation in thermophilic methanogenic ecosystems. Growth of the propionate-degrading enrichment was stimulated additionally by the presence of aceticlastic methanogens. Studies on propionate conversion under mesophilic conditions have demonstrated that the anaerobic oxidation of propionate is influenced by both acetate and propionate concentrations (10, 11, 14, 15, 19) . Furthermore, deterioration of propionate degradation is accompanied by increased concentrations of acetate both in the mesophilic range and the thermophilic range (14, 25, 27) . In this paper we describe the effects of acetate, propionate, and butyrate on the thermophilic oxidation of propionate in continuous-flow methanogenic sludge bed systems and in defined propionate-oxidizing cultures.
The effects of acetate, propionate, and butyrate on the anaerobic thermophilic conversion of propionate by methanogenic sludge and by enriched propionate-oxidizing bacteria in syntrophy with Methanobacterium thermoautotrophicum AH were studied. The methanogenic sludge was cultivated in an upflow anaerobic sludge bed (UASB) reactor fed with propionate (35 mM) as the sole substrate for a period of 80 days. Propionate degradation was shown to be severely inhibited by the addition of 50 mM acetate to the influent of the UASB reactor. The inhibitory effect remained even when the acetate concentration in the effluent was below the level of detection. Recovery of propionate oxidation occurred only when acetate was omitted from the influent medium. Propionate degradation by the methanogenic sludge in the UASB reactor was not affected by the addition of an equimolar concentration (35 mM) of butyrate to the influent. However, butyrate had a strong inhibitory effect on the growth of the propionate-oxidizing enrichment culture. In that case, the conversion of propionate was almost completely inhibited at a butyrate concentration of 10 mM. However, addition of a butyrate-oxidizing enrichment culture abolished the inhibitory effect, and propionate oxidation was even stimulated. All experiments were conducted at pH 7.0 to 7.7. The thermophilic syntrophic culture showed a sensitivity to acetate and propionate similar to that of mesophilic cultures described in the literature. Additions of butyrate or acetate to the propionate medium had no effect on the hydrogen partial pressure in the biogas of an UASB reactor, nor was the hydrogen partial pressure in propionate-degrading cultures affected by the two acids. Our results indicate that the level of hydrogen in the biogas of thermophilic anaerobic reactors is not the appropriate control parameter for propionate degradation. High concentrations of NaCl, sodium acetate, or sodium propionate (100 mM) did not affect the growth of M. thermoautotrophicum AH on hydrogen.
Acetate, propionate, and butyrate are intermediate products in the anaerobic bioconversion of organic matter to methane and carbon dioxide (5, 16, 29) . Under balanced methanogenic conditions propionate and butyrate are further oxidized to acetate, hydrogen, and bicarbonate, the main precursors of methanogenesis (Table 1) . For thermodynamic reasons propionate and butyrate can be degraded only when acetate and especially hydrogen are effectively eliminated by the methanogens (1, 2, 6, 7, 12, 17, 18, 23) . At elevated temperatures the thermodynamics for the acetogenic conversions are somewhat more favorable (Table 1) . Nevertheless, propionate often is the first volatile fatty acid (VFA) which accumulates during thermophilic anaerobic treatment of waste and wastewater (14, 25, 28) . The contribution of propionate to the total amount of VFA in the effluent of thermophilic upflow anaerobic sludge bed (UASB) reactors is much higher under thermophilic conditions than under mesophilic conditions (27) . The reason for the high sensitivity of propionate oxidation in thermophilic methanogenic systems is not clear yet.
Recently we have described the enrichment of thermophilic, spore-forming, propionate-oxidizing bacteria in syntrophy with Methanobacterium thermoautotrophicum AH or Methanobacterium thernoformicicum Z245 (23) . Growth of the propionate-oxidizing bacteria was possible only after * Corresponding author.
inoculation into a hydrogen-pregrown culture of M. thermoautotrophicum AH cells which were embedded in FeS precipitates. In that study, results were obtained which show that the decay rate of M. thermoautotrophicum AH under unfed conditions is extremely high. Therefore, starvation of hydrogenotrophic methanogens might play an important role in the sensitivity of propionate oxidation in thermophilic methanogenic ecosystems. Growth of the propionate-degrading enrichment was stimulated additionally by the presence of aceticlastic methanogens. Studies on propionate conversion under mesophilic conditions have demonstrated that the anaerobic oxidation of propionate is influenced by both acetate and propionate concentrations (10, 11, 14, 15, 19) . Furthermore, deterioration of propionate degradation is accompanied by increased concentrations of acetate both in the mesophilic range and the thermophilic range (14, 25, 27) . In this paper we describe the effects of acetate, propionate, and butyrate on the thermophilic oxidation of propionate in continuous-flow methanogenic sludge bed systems and in defined propionate-oxidizing cultures.
MATERIALS AND METHODS
Inoculum. The upflow anaerobic sludge bed (UASB) reactor was seeded with mesophilic granular sludge in the amount of 22.6 g of volatile suspended solids per liter of reactor volume, which corresponds to a total volume of 2 liters of wet sludge. The inoculum originated from a 1,700-mi3 The end of this period was defined as zero time for the acetate inhibition experiment. Acetate was added to the influent for a period of 2 weeks at a molar ratio of propionate to acetate of 1:1.7 at a propionate concentration of 27 mM. This procedure was repeated after a 3-week period during which the system was fed only propionate as the carbon source. Then the supply of acetate was increased to a molar ratio of propionate to acetate of 1:2.6 for about 1 week; then the reactor was operated again with propionate as the sole carbon source for 15 days.
Defined cultures. In a previous paper we described the enrichment of thermophilic, spore-forming, propionate-oxidizing bacteria from thermophilic (55°C) methanogenic sludge by repeated transfer in hydrogen-pregrown cultures of M. thermoautotrophicum AH (23) . This culture did not contain aceticlastic methanogens. In the present study the highly enriched propionate-oxidizing culture was used to assess the effects of VFAs on the thermophilic propionate conversion. In all experiments the propionate-oxidizing culture was inoculated into hydrogen-pregrown cultures of M. thermoautotrophicum AH by using the same medium and culture conditions described previously (23) . To investigate the effect of acetate, propionate, or butyrate on the growth of the hydrogenotrophic methanogens, M. thennoautotrophicum /H was pregrown either in the presence or in the absence of the fatty acid salt. In the latter experiment the fatty acid salt was added after growth of M. thermoautotrophicum AH on H2-CO2. In both experiments the final step was inoculation of 10% of the dense propionate-oxidizing culture into the media. This was defined as zero time for the experiment. However, no differences were found between the two different experiments. Therefore, the results of these experiments are presented as duplicate results (see Fig. 3 
and 4).
In one experiment we investigated the effect of butyrateoxidizing bacteria on propionate conversion. Butyrate-oxidizing acetogens were obtained by enriching thermophilic butyrate-degrading bacteria by repeated transfer (10%) in hydrogen-pregrown cultures of M. thermoautotrophicum AH with 20 mM butyrate as the sole carbon source. M. thermoautotrophicum AH appeared to be the most abundant or even the only syntrophic partner of the butyrate oxidizers. Inocula of 2% of the dense propionate-oxidizing culture and 1% of the butyrate-oxidizing culture were added together with FeCl2 (final concentration, 1 mM) to the hydrogen-pregrown culture of M. thermoautotrophicum AH. Prior to inoculation the gas phase was changed to 172 kPa of N2-CO2 (80:20, vol/vol). Propionate (20 mM) and butyrate (0 to 50 mM) were added to the bottles. All incubations were carried out without shaking at 55°C.
Analysis. The VFA and gas compositions were determined by gas chromatography as described previously (23, 25) . Hydrogen was also determined by gas chromatography with a Hewlett-Packard model 5890 gas chromatograph equipped with a thermal conductivity detector and a 25 H molecular sieve (60-80 mesh). The column size was 1.5 m by 6.4 mm. Argon was used as the carrier gas at a flow rate of 25 ml/min. The column temperature was 40°C, the injection port temperature was 110°C, and the detector temperature was 125°C. All other analyses were performed by standard methods (3).
Kinetic analysis. Kinetic constants were estimated by using the "Nelder" nonlinear regression routine (20) for parameter estimation. Data were fitted to a noncompetitive product inhibition model as described by other workers (10, 19) . (10) . Stable reactor performance was obtained after the propionate concentration in the influent was decreased to 27 mM.
RESULTS

Effect
One week after zero time of the acetate inhibition experiment, acetate was added to the propionate medium at a molar ratio of propionate to acetate of 1:1.7 for a period of 2 weeks (Fig. 2) . This addition was repeated during days 38 to 51 and then during days 65 to 73. In the latter period a higher concentration of acetate was used. During all of the acetate exposures the propionate concentration remained at about 27 mM in the influent. Figure 2 shows the effect of acetate addition on propionate conversion by the methanogenic sludge bed. The propionate peak at day 29 ( Fig. 2A) was caused by a disturbance in the food supply. In contrast to the butyrate additions, acetate apparently initiated an increase in the propionate concentration in the effluent of the UASB reactor, which persisted until the supply of acetate was eliminated. This inhibitory effect of acetate remained, and even increased, despite the very low acetate concentrations in the effluent. The propionate conversion capacity dropped 40 to 50% during the acetate additions (Fig. 2C) . Because of the great differences between the absolute amounts of acetate and propionate which were removed per day, we expressed the amounts of daily acetate and propionate removal in Fig. 2C (Fig. 3 and 4) . Therefore, we attribute the effects of fatty acids on the propionate-oxidizing enrichment culture to inhibition of the acetogens.
As depicted in Fig. 3 , propionate oxidation was severely inhibited at acetate concentrations higher than 20 mM. This inhibition effect can be attributed to acetate as 100 mM NaCl had a less severe inhibitory effect (Fig. 3) togens. The culture with only propionate oxidizers was unable to degrade propionate completely because of the small inoculum used (2%), in contrast to the other experiments, in which inocula were larger (10%). This phenomenon is due to the high starvation rate of M. thermoautotrophicum AH (23) . As expected, no degradation occurred after addition of 10 mM butyrate to the medium. However, when the butyrate-oxidizing acetogens were also supplied to that medium, propionate was completely converted. Moreover, even a stimulatory effect by the butyrate-oxidizing enrichment was observed when no butyrate was added to the medium.
In the experiments in which 10 or 50 mM butyrate was added to the medium, butyrate was completely converted within 1 week. Degradation of 50 mM butyrate resulted in a buildup of acetate to a concentration of almost 100 mM, which is too high to allow propionate conversion. In none of the bottles was acetate converted within the experimental period. The strated that the degree of inhibition was strongly dependent on the concentration of the undissociated form of the fatty acids. The neutral form of these acids diffuses more easily across the bacterial membrane, causing a drop in intracellular pH. The increased diffusivity might be further enhanced by the interference of the apolar chain with the bacterial membranes, which results in a higher permeability of these membranes. As in toxicity of alcohols, which is correlated with chain length (9) , one might expect a higher degree of inhibition with longer-chain-length fatty acids. In our experiments growth of thermophilic propionate-oxidizing bacteria was most severely inhibited by butyrate. Strong inhibition even occurred at low concentrations. However, compared with acetate, high concentrations of propionate affected the growth of the thermophilic propionate-oxidizing acetogens only slightly (Table 2 ). This may have been the net result of inhibitory and stimulatory effects. Substrate inhibition probably is also caused by toxicity of the undissociated form of propionic acid (10, 19) Addition of butyrate-oxidizing acetogens to the media eliminated the inhibitory effect of butyrate and even stimulated propionate conversion. Stimulation of the growth of the propionate degraders in the presence of the butyrateoxidizing acetogens might be caused by excretion of essential growth factors by the butyrate oxidizers. However, it is more likely that the effect can be attributed to an increase in the number of hydrogenotrophic methanogens. The butyrate oxidizers were also enriched in hydrogen-pregrown cultures of M. thermoautotrophicum AH, and therefore, methanogens were inoculated in small numbers together with the acetogens. Furthermore, growth of hydrogenotrophic methanogens also occurs as a result of butyrate degradation to acetate and hydrogen. These and previous results (23) show that the number of viable hydrogenotrophic methanogens is very important for rapid and complete conversion of propionate. In the UASB experiments adverse effects of butyrate on the propionate conversion were observed only during the first 3 days after the first addition of butyrate to the substrate.
Growth of the propionate-oxidizing enrichment culture was affected by acetate to a considerable degree (Fig. 5) . This was also the case, although to a lesser extent, for the methanogenic consortia in the UASB reactor. In the latter system exposure to high acetate concentrations is possible only in certain compartments of the sludge. Addition of acetate to the influent of the UASB reactor immediately resulted in a sharp increase in the propionate concentration in the effluent, which was accompanied by a high acetate concentration (Fig. 2B) . The acetate conversion capacity of the sludge bed increased during the period when acetate was added to the influent. However, despite that, propionate degradation decreased further even when almost complete acetate removal was achieved by the methanogenic consortium. On the basis of the substrate conversion kinetics equation given above, we might expect a recovery of propionate degradation whenever the acetate concentration in the sludge bed drops. The reason that such an effect was not found is not clear. One explanation might be that the number of hydrogenotrophic methanogens in the sludge bed had decreased, resulting in a lower hydrogen removal efficiency. However, also in that case, recovery of propionate removal might be expected because of the high growth rate of the thermophilic methanogens (4) . Inhibition of propionate conversion by extremely low concentrations of acetate in a mesophilic methanogenic fluidized bed reactor was described by Gorris et al. (11) . However, it is not clear whether in that study a causal connection existed between the observed effects.
Hydrogen, an important intermediate of thermophilic propionate conversion, has two effects. For thermodynamic reasons a high level of hydrogen directly inhibits oxidation of propionate to acetate and carbon dioxide ( Table 1) . On the other hand, a high concentration of hydrogen stimulates the growth of hydrogenotrophic methanogens. The latter are essential for the development of a stable and dense propionate-oxidizing subpopulation in which the acetogens are in close proximity to the methanogens. Results obtained here indicate that propionate oxidation is stimulated by other hydrogen-producing conversions of nontoxic intermediates (i.e., butyrate). In a previous study on thermophilic propionate conversion conducted in our department, it was proposed that a two-step digestion process should be applied whenever propionate is a major compound and hydrogen production is inevitable during the thermophilic treatment of wastewater (28) . In the second reactor of this system propionate would be removed. The overall better performance was attributed to a decreased hydrogen partial pressure in the second reactor, which for thermodynamic reasons stimulates propionate oxidation. Our results show that in addition to a low hydrogen concentration, a low level of acetate seems to be indispensable for effective degradation of propionate. It should be noted that both conditions can be achieved easily in the above-mentioned digestion process consisting of two or more steps. In this study we found severe inhibition of propionate oxidation without any increase in the hydrogen partial pressure in the biogas. Therefore, the suitability of hydrogen as an overall control parameter for anaerobic digestion (26) has to be reconsidered, a conclusion which was recently also drawn by other workers (13) .
